A scalable procedure for nano-patterning the bulk heterojunction layer in organic photovoltaic (OPV) devices is reported. Nano-patterning is shown to increase light absorption in poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) devices. Nano-patterning also modifies electric fields in OPV devices, thus affecting charge harvesting. Nano-patterned OPV devices with a power conversion efficiency of 4% are presented. Comparable efficiencies are also obtained by optimization of thicknesses in a flat-layer device. Tradeoffs between absorption enhancement and charge harvesting deterioration induced by nano-patterning are discussed as well as possible optimization strategies.
Introduction
During the past decade, organic photovoltaics (OPV) have been gaining momentum with the steady arrival of new organic materials that have pushed the boundary of OPV power conversion efficiencies (PCE) above 8% [1, 2] . Because of ease of manufacturing OPV with scalable roll-to-roll processes, their inherent flexibility, and potential low cost [3, 4] , OPV could become an important technique in the energy landscape in the near future. The performance of OPV devices can be increased by improved photovoltaic materials, but also by favorable geometric configurations. For instance, the development of the bulk heterojunction (BHJ) morphology was a seminal advancement that remedied, to a large extent, the difficulties arising from the intrinsic short exciton diffusion length in donor polymers (~10 nm). With that nano phase-separated morphology, the excitons created by photons in the donor polymers are able to reach acceptor molecules (typically fullerene derivatives) thereby efficiently completing the crucial charge separation step that must occur in any photovoltaic device. Concomitantly, the pursuit of the ideal nanostructure for perfect exciton separation [5, 6] and carrier collection [7] has also been the subject of multiple studies.
Besides charge separation itself, transport of those charges remains a limitation of OPV preventing such systems from reaching their full potential. This is because the transport of the separated charges across the convoluted BHJ morphology limits the thickness of the active layer and the total light absorption in many cases. Photonic structures have been intensely studied as a means to counteract charge transport losses by increases in light absorption [2, 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Simple improvements that used geometrical optics were suggested early on [18] , followed by light-trapping schemes based on periodic patterning by applying diffraction gratings [9] or nano-to microscale patterned substrates [9, 14, 15] . More recently, nanoimprint lithography (NIL), a low cost method to fabricate large areas with submicron features, has been experimentally explored to create nanostructures in OPV devices [2, 4, 8, 11, 17, 19] .
Others have reported the use of laser interference lithography to pursue light trapping structures in OPV devices [12, 14] .
OPV device nano-patterning can lead to notable performance improvements. Li et al. recently reported an increase from 7.59% to 8.79% in PCE of a low band gap material system using dual plasmonic nanostructures and an enhancement to 8.38%
was achieved with a simple grating structure [2] . However, most of the previous results were reported by comparing nanostructured devices to non-optimized, low-efficiency, regular, planar cells. For instance, OPV devices based on poly(3-hexylthiophene): [6, 6] -phenyl-C61-butyric acid methyl ester (P3HT:PCBM) were one of the most intensely studied BHJ systems in the last ten years. This P3HT:PCBM device had an average reported PCE of 3.0% through 2010, with over eighty reported PCEs between 3.6% and 4.0% and more than one hundred PCEs above 4% [20] . Despite these findings, all previous patterned OPVs were compared to flat layer devices with efficiencies of only 2%~3.5% [5] [6] [7] [8] 14, 15, 18] . Very few researchers describe efforts to optimize flat control devices nor do they report results from a statistically significant number of samples in order to account for performance variability. Although the comparisons are validated using a normalized fabrication (e.g. spin coating speed or same volume) process for both patterned and flat cells, it is very important for the patterned devices to outperform the most efficient flat cell in order to claim success, especially when one takes into account the complexity and additional potential manufacturing cost involved in the patterning process.
Moreover, in addition to the inadequate comparisons, most of the previous work has focused on only light trapping while overlooking changes in charge transport that might result from patterning OPV devices. There is an unjustified assumption that pure light trapping structures will lead to OPV device enhancement. Only a few reports briefly mentioned the effect of patterning on electrical properties of the devices [2, 7] , but the underlying causes were not studied in depth. Recently, Vervisch et al. suggested that there is a tradeoff between light trapping and uniformity of electric field distribution, which could be a key problem limiting the ultimate enhancement of pattering OPVs [21] .
In this paper, we present a complete investigation of one nanostructure which shows light trapping effects. We fabricated planar and nanostructured OPV devices in a multi-parameter space, resulting in 18 distinct types of devices and over a hundred individually studied samples. Efficiencies of P3HT:PCBM-based OPVs exceeding 4% are demonstrated for patterned and flat devices. Although patterned cells are more efficient across some parameter sets, we have found that the absolute best efficiency device in the whole group remains a flat cell among these samples. We quantify the significance of pure, light-trapping photonic structures in OPVs. We have used a simplified model to open the discussion of the possible reasons limiting all of the additional trapped light from being able to contribute to more electrical current and an overall better performance of our devices. We also advocate for a thorough reconsideration of the effects of nanostructures in OPV efficiency in order to adequately evaluate this enhancement strategy.
Experimental
To realize nanostructured OPVs, we chose NIL to pattern a commonly used negative transparent photoresist SU-8 (MicroChemicals) on glass substrates. OPV materials were casted or evaporated on top of these nanostructured substrates instead of being molded directly. By this approach, we avoided the previously reported drawbacks of direct patterning of active layers, such as degradation, contamination and non-optimal configurations [14] . As SU-8's optical properties are very close to those of glass (See figure S1), the SU-8/glass combination appears as an optically continuous nanostructured substrate. Furthermore, this technique is suitable to other photovoltaic systems without modifying molding conditions. The overall fabrication process of the devices is schematically represented step by step in figure 1 . To pattern SU-8, we used perfluoropolyether (PFPE, by Liquidia Technologies) molds, because it can be easily released from the patterned replicas without complex surface functionalization [4] , thus allowing for easy, quick and high quality nano-replication over 6 cm were fabricated. Figure 3 shows cross sectional SEM image of one patterned OPV device. All device measurements were carried out under purified nitrogen (< 0.1 ppm water and oxygen), except for optical reflection and angular IPCE measurements which were done in air after all other test were completed. AM 1.5 1 Sun measurements (with solar simulator and AM 1.5 Global Filter from Newport, intensity was calibrated by reference solar cell from Newport before and after each measurement) and space charge limited current (SCLC) hole mobility measurements were conducted with a Keithley 2400 source-measure unit. IPCE measurements were conducted under the chopped light from a monochromator (from Newport). The device was connected to a lock-in amplifier to measure the AC voltage signal via a current to voltage preamplifier. Normal incidence reflections were measured using an upright microscope, while angular reflection/IPCE was conducted by using homemade system with calibrated Si detectors. IPCEs were also measured to confirm the exact short-circuit current related to the I-V curves from the solar simulator.
Results and Discussion

Device performance
Both patterned and flat devices have an open circuit voltage (V oc ) of ~ 0.6 V and fill factor (FF) ~ 0.6, with remarkably little difference between samples, and which are comparable to previous reported values in the literature [6, 8, 22] . We found that given the commonality of all of these metrics, the key factor that determined a device's power conversion efficiency was the short circuit current (J sc ) only. After selecting out the devices with obvious fabrication quality issues, we report all of the cells' J sc and efficiencies in figure 4 . Among all the observations, a few trends can be distinguished.
In aggregate, we observed that the J sc of our flat devices decreased with the thickness of the active layer, as did the efficiencies [20] . However, this is not true for the patterned devices. J sc peaks at 1000 RPM in the all the three groups with different thickness of WO 3 . While comparing the average result of each group with different thickness of WO 3 , we observed performance variations with the WO 3 thickness . But, there is no general trend for all the groups and the differences are in general small.
Focusing on the best performers, the best flat cell's efficiency was 4.52% and the highest J sc is 11.74 mA cm -2 , while the best patterned cell's efficiency is 4.25% and the highest J sc is 11.30 mA cm -2 . In addition, taking an average of all the cells in one group (i.e., the same WO 3 and blend spinning conditions), the best efficiency of the flat samples is 4.27% and the highest J sc is 11.22 mA cm -2 , while the best average efficiency of a similar group of the patterned samples is 3.98% and the highest J sc is 10.69 mA cm -2 . All of these figures are well above the average of reported P3HT:PCBM devices [20] , especially when compared with poor control samples.
Furthermore, our nanostructured devices are overall better in performance than the vast majority of previously reported patterned devices which were portrayed as successes in overcoming planar counterparts [5] [6] [7] 14, 15, 18] . However, as can be seen from this complete data set, no significant enhancement is actually found relative to optimized flat devices. Very significantly, the best efficiencies of the planar and patterned devices arise with different fabrication parameters (e.g. spin coating speed and WO 3 thickness). This shows explicitly that holding fabrication parameters constant as the normalizing factor on comparing patterned and flat cells is misleading.
Angular and Polarization Characterization
In order to understand why the regular flat device still remains the most efficient among all the devices fabricated, we focused first on the optical properties of the devices. As SEM micrographs sample only small areas, in order to judge the quality of the photonic structure and further explore the effects of nanostructures in OPV devices, we studied the devices' angle dependent reflection and incident photon-to-electron conversion efficiency (IPCE). For non-normal illumination on nanostructured devices, resonant mode splitting occurs which generates absorption enhancements that show the signature photonic crystal behavior. Simulations of the photonic devices based on the materials and geometrical parameters (figure 5) predict the presence of quasi-guided modes [23] where strong light confinement should give rise to localized reflection minima. This prediction confirms that the quality and parameters of the experimental devices were close to the idealized structure presented above in figure 1 . Figure 6 shows that the experimentally observed reflection minima at the blend absorption tail move towards λ = 600 nm with incident angle changing from 60 o to 30 o eventually disappearing. This reflection minimum results in a local, small IPCE enhancement. The local angular IPCE enhancements were found in both polarizations, because the nanostructure geometry is periodic in both lateral dimensions. As expected, this photonic crystal behavior was found in all patterned devices while it was absent in the flat ones. The demonstration of this unmistakable photonic crystal phenomenon confirms faithful replication of the design and that the optical quality and the manufacturing defects are not the reason patterned devices failed to outperform the best flat devices.
Normal Incidence Reflection and IPCE
Given the WO 3 and ITO transparencies, the first order, lower device reflection should correspond to higher absorption in the active layer of patterned devices. We performed normal incidence reflection measurements, and IPCE characterizations for all of the devices. In figure 7 , we show both experimental and simulated normal incidence reflections of the device group with 12 nm WO 3. The other two groups with 22 nm and 32 nm WO 3 have similar results (See figure S2) . All of the patterned devices exhibit relatively low reflection, especially at wavelengths ranging from λ ~450 nm to λ ~550 nm where P3HT:PCBM absorbs strongly. However, the 800 RPM flat devices reached similar levels of low reflection, comparable to all of the patterned ones. When narrowing the comparison to the 800 RPM flat and patterned devices, the flat devices exhibited lower reflection from ~550 nm to ~600 nm. Taking all of these observations together showed that the devices from 1000 RPM and 1200 RPM group did benefit optically from nanostructures, but the optimized flat devices at 800 RPM had similar optical performance. From this perspective, while a nanostructured sample could have a lower reflection than a flat sample under certain control parameters, we could not conclude that the nanostructured devices have significant optical enhancement over all possible flat devices. Photonic geometry optimization is needed to obtain an absolute best optical performance. As it will be shown below, this is possible but unfortunately, such photonic optimization is not enough. As it can be appreciated in the 1000 RPM group, the patterned devices have the lowest group reflections but this does not translate into additional electrical current gains (See figure 8 ). This discordance also happened in other patterned and flat groups (See figure S3) . The exciton generation profile [24] or other carrier transport issues related to geometrical factors may not be favorable for the charge carriers to be swept out despite good FFs and V oc s in the devices.
SCLC Hole Mobility Measurement
We now direct our attention to the electronic integrity of the devices. In the P3HT:PCBM system, the holes are believed to be the limiting carriers [24] . Therefore, we evaluated hole transport both in flat and patterned films using hole-dominated diodes [2] . The current-voltage characteristics of the hole-only diodes have shown a square dependence of current on voltage (see figure 9) , from which we can estimated the hole mobility using [2, 25] , respectively. (For the patterned device, an average thickness was used as an approximation in this simple formula as the patterning intrinsically induces blend thickness differences.) Although mobilities of the holes and electrons are reported to be enhanced by patterning, the reason for that is not clear [2] . The mobility difference between patterned and flat devices indeed favors the former but only slightly. This together with the good FFs and V oc s lead us to believe that device construction, including morphology, is equally good in the flat and patterned devices. So, the reason behind the unfulfilled overall enhancement must be searched for elsewhere.
Electric Field Strength in Patterned Devices and Impact on Device Performance
Numerical simulation of the charge transport in organic bulk heterojunction solar cells may shed light on the loss mechanisms in patterned devices and give indications as to why they do not outperform the best flat cells. We use a mathematical model based on an effective medium approximation of the bulk heterojunction material [27] ; the electron and hole number densities n, p [m ].
Poisson's equation for electrostatics relates the electric potential to the charge density
], where q denotes the elementary charge. The source term in this model is given by the net charge carrier generation rate density which incorporates exciton generation due to light absorption, exciton dissociation into free charge carriers, as well as charge carrier recombination to excitons and exciton decay. The boundary values of n, p, and ψ are prescribed; they depend on the bias voltage. A combined electro-photonic simulation, where the exciton generation rate density is computed from an auxiliary optics simulation [23] , may be used to evaluate various patterned organic bulk heterojunction solar cells. The full details on this approach shall be reported elsewhere [29] -here we only present simulation results for two 2D
patterned bulk heterojunction solar cell devices with ridge-patterned front electrodes.
These are chosen as representatives of different light trapping and carrier harvesting characteristics.
In figure 10 we show the computed electric field at maximum power in a cross section of the two devices; this figure also illustrates the device geometries, and in Table 1 we summarize computed performance factors. The two patterned solar cell devices have similar amounts of P3HT:PCBM bulk heterojunction material. While the light absorption in the active material is lower in device (b) than in device (a), device (b) apparently has better charge transport properties than device (a), which ultimately results in higher power conversion efficiency. This indicates that it is not sufficient to focus only on improvements of the optical device properties by employing a photonic crystal structure which enhances the light absorption. These structures may, on the other hand, deteriorate the electrical properties of the device [21] . Both the exciton dissociation and charge carrier collection efficiencies are similar in the devices (a) and (b), whereas the main difference between the two devices is in the collection-to-output efficiency (Table 1) In figure 11 we show the Euclidean norm of the current density
] computed from the steady-state charge carrier fluxes at maximum power for both devices. The current density is low near the electrode in the ridge as well as everywhere in the deeper parts of the ridge region; the current through the electrode boundary will therefore be low in that region. Charge carrier pairs generated in these regions will not be swept out from there, which in the case of device (a), is supposed to lead to a larger spurious flux of electrons through the anode, thus explaining the lower performance despite its better optical features. Even in cases where devices are overall enhanced, the percentage of current increase may not be as much as that of absorption [2] .
Conclusion
We demonstrated a simple, low cost, scalable scheme for fabricating nano-structured solar cells by NIL. Compared with imprinting the active PV layer, this method appears easier to adapt to most OPV systems. Clear photonic crystal effects were shown and agreed with simulations. We also compared the flat and patterned devices from both optical and electrical perspectives. Highly efficient P3HT:PCBM-based OPV devices were obtained in both flat and patterned devices, although no significant enhancement from the nanostructured devices was noted by us. By using a simplified optoelectrical model we suggested possible reasons for this such as a non-uniform electric field strength which could limit the performance of nanostructured OPVs in some cases, even when a clear light trapping effect is found. Considering the promising results from emerging low band gap materials and the huge interest in this field, we conclude that future investigations on nanostructuring OPV should not only focus on light trapping but also on electrical management issues. A combined electro-photonic simulation [29] is required to assess the tradeoff in light absorption enhancement and charge transport deterioration in patterned solar cell devices. Only a comprehensive design for each OPV material that combines both optics and electronics will result in nanostructured OPVs out performing flat devices. ] at maximum power in two bulk heterojunction solar cell devices with ridge-patterned front electrodes. The devices are closed by a glass layer in the front and by an aluminum layer in the back. Length units are nanometers. The electric field is weaker in the ridge part because of the larger distance between the electrodes. The induced losses may outweigh the gain in light absorption achieved by the photonic crystal structure. ] at maximum power in the two patterned solar cell devices (a) and (b). The current density is low in regions of the deeper ridge pattern, which deteriorates the charge transport properties of device (a). and (b).
